ABSTRACT A spin-labeling study of interactions of a fusion peptide from the hemagglutinin of the influenza virus, wt20, and a fusion-inactive mutant DG1 with dimyristoylphosphatidylcholine (DMPC) and 1-palmitoyl-2-oleoyl-phosphatdylcholine bilayers was performed. We found that upon binding of wt20, the ordering of headgroups and the ordering of acyl chains near the headgroup increased significantly, in a manner consistent with a cooperative phenomenon. However, changes in the order at the end of the acyl chains were negligible. The ordering effect of wt20 on the headgroup was much stronger at pH 5 than at pH 7. No effect of DG1 binding on the order of bilayers was evident. We also found that 1-palmitoyl-2-hydroxyl phosphatidylcholine, a membrane-fusion inhibitor, decreased the ordering of DMPC headgroups, whereas arachidonic acid, a membrane-fusion promoter, increased the ordering of DMPC headgroups. These results suggest that increases in headgroup ordering may be important for membrane fusion. We propose that upon binding of wt20, which is known to affect only the outer leaflet of the bilayer, this outer leaflet becomes more ordered, and thus more solid-like. Then the coupling between the hardened outer leaflet and the softer inner leaflet generates bending stresses in the bilayer, which tend to increase the negative curvature of the bilayer. We suggest that the increased ordering in the headgroup region enhances dipolar interactions and lowers electrostatic energy, which may provide an energy source for membrane fusion. Possible roles of bending stresses in promoting membrane fusion are discussed.
INTRODUCTION
Viral membrane fusion is mediated by glycoprotein (a fusion protein) (1, 2) . Activated by binding to host-cell receptors or by a pH change, the N-terminal segment of glycoprotein, the so-called fusion peptide, which usually consists of 20-30 amino-acid residues, becomes exposed and inserts into the target membrane. Insertion of the fusion peptide is thought to destabilize the structure of the target bilayer, initiating membrane fusion. The membrane-destabilizing effects of the fusion peptide are manifested by lipid mixing, content leakage, swelling, and lysis of vesicles (3) (4) (5) (6) (7) (8) (9) .
Various biophysical and spectroscopic techniques, along with computational methods, were used to study the membrane structure of the fusion peptide and interactions of fusion peptide with lipid bilayers, in an effort to understand how the bilayer structure is disturbed by the fusion peptide, in promoting viral membrane fusion (4, (10) (11) (12) (13) (14) (15) (16) (17) . One focus of these studies was to investigate whether fusion peptide increases or decreases bilayer ordering (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Studies of the mutation of fusion peptide from the hemagglutinin (HA) of influenza virus showed that fusion peptides that are more fusogenic have a greater ordering effect on bilayers than those that are less fusogenic (28, 29) . However, the results of molecular dynamics studies showed that both a wild-type HA2 fusion peptide (wt20) and a more fusion active analog (E5) disordered the bilayers (20) (21) (22) . It remains unclear how changes in membrane ordering modify the bilayer structure, thereby affecting membrane fusion.
In previous studies, we measured the ordering in the headgroup and acyl chain regions in both model and biomembranes, using electron-spin resonance (ESR) labeling (31) (32) (33) (34) (35) combined with nonlinear least-squares (NLLS) spectral fitting (36) . These measurements provided valuable insights into the nature of the interactions of proteins with model membranes and the domain structure of biological membranes. Here, we observed distinct changes in the ordering of dimyristoylphosphatidylcholine (DMPC) and 1-palmitoyl-2-oleoyl-phosphatdylcholine (POPC) bilayers upon the binding of wt20 versus DG1 (deletion of the N-terminal glycine of wt20) (37) . We found that: 1), the binding of wt20 to DMPC and POPC bilayers mainly increases the ordering in the headgroup region of the bilayers; 2), the binding of wt20 to the phosphatidylcholine (PC) bilayers shows a cooperative characteristic; 3) the headgroup-ordering effect of wt20 is pH-dependent; and 4), the binding of DG1 has no effect on lipid ordering. The significance of this increased ordering of headgroups is discussed in terms of its effect on enhancing bilayer negative curvature, which may promote membrane fusion.
MATERIALS AND METHODS

Materials and sample preparation
The lipids DMPC, POPC, and 1-palmitoyl-2-hydroxy phosphatidylcholine (lysoPC), and two chain spin labels 5PC and 14PC, and a headgroup spin label dipalmitoylphospatidyl-tempo-choine (DPPTC) were purchased from Submitted January 7, 2009, and accepted for publication April 6, 2009. wt20 : GLFGAIAGFIENGWEGMIDG DG1 : LFGAIAGFIENGWEGMIDG Measured stock solutions of DMPC or POPC (in chloroform) and the spin label (in chloroform) were mixed. The concentration of spin label was 0.5 mol % of the lipids. The solvent was evaporated by N 2 flow, and the sample was evacuated with a mechanical pump overnight to remove traces of solvent. Each sample (1 mg) was hydrated in 1 mL of a pH 5 buffer (5 mM HEPES, 5 mM MES, 5 mM sodium nitrate, and 10 mM NaCl), and also in 1 mL of a pH 7 buffer (50 mM Tris, 10 mM NaCl, and 0.1 mM EDTA) at room temperature overnight. Stock solutions of wt20 or DG1 (1 mM in DMSO, stored at 4 C), as measured using a Hamilton syringe, were added to the hydrated DMPC and POPC dispersions. After 1 min of vortexing, the dispersion was spun in a desktop centrifuge to produce a pellet, which was transferred to a quartz capillary tube for ESR measurement shortly afterward. These dispersions of multilamellar vesicle (MLV) were used to provide the needed ESR signal/noise sensitivity. Previous studies of the effects of fusion peptide on the membrane structure using MLV include those of lipid interactions of fusion peptides from HIV (19) and canine distemper virus (26) .
ESR spectroscopy and nonlinear least-squares fit of ESR spectra
The ESR spectra were obtained on an EMX ESR spectrometer (Bruker Instruments, Billerica, MA) at a frequency of 9.55 GHz, equipped with a Varian (Palo Alto, CA) temperature-control unit with an absolute temperature accuracy of 50.3 C. The ESR spectra were analyzed using the NLLS fitting program (36) , based on the stochastic Liouville equation (38, 39) . The rotational diffusion of the nitroxide radical in spin labels can be described as a restricted wobbling motion, characterized by two sets of parameters obtained from the spectral analysis. The first set consists of R t and R k , which are, respectively, the rates of rotation of the nitroxide radical around a molecular axis perpendicular and parallel to the preferential orienting axis of the acyl chain (or of the headgroup) to which the nitroxide radical is attached. The second set, S 0 and S 2, are the ordering tensor parameters. S 0 represents the average angular amplitude of the wobbling in the membrane. Upon wt20 binding, variations of S 0 reveal important changes in bilayer structure of relevance to this study, and thus the significance of S 0 will be further detailed in the Discussion. S 2 is a measure of the molecular nonaxiality of the wobbling motion. It was found to be much smaller than S 0 , with much less sensitivity to wt20 binding.
The ''microscopically ordered but macroscopically disordered'' (MOMD) model (40) was used in spectral simulations. This was based on the structural characteristics of lipid vesicles, which are locally ordered (oriented) but globally disordered (randomly distributed). The MOMD model is included in the NLLS fitting program.
The hyperfine tensors and g-tensor values used in this study were determined from NLLS analysis of rigid limit spectra. They are given in Table  S0 of the Supporting Material. We found that the addition of wt20 decreased the values of the z component of the A-tensor, A zz , of DPP-Tempo and DPPTC in DMPC and POPC slightly, but by <0.5 G, and the addition of DG1 had no effect on A zz . The incorporation of 10 mol % of lyso-PC or 10 mol % of AA had a slight effect on the value of A zz of DPP-Tempo. The estimated error from the NLLS fit for the spectra was 50.01 for the S 0 of 5PC and 14PC, 50.006 for the S 0 of DPP-Tempo and DPPTC, 55% for the R t of all spin labels, 520% for the R k of DPP-tempo and DPPTC, and 550% for the R k of 5PC and 14PC.
RESULTS
The binding of wt20 and DG1 to DMPC and POPC was investigated at pH 5 and pH 7, using the headgroup spin label DPPTC (Fig. 1) . The order parameter S 0 of DPPTC in DMPC versus the concentration of wt20 (solid line) and DG1 (dashed line) at 25 C and 37 C is plotted in Fig. 2 . At pH 5 and 25 C in the range of molar concentration of wt20 (molar ratio of wt20/DMPC) from 0 to <1.5 Â 10 À3 (0 to 1/700), S 0 increases only slightly, going from 0.54 (pure DMPC) to 0.55. From a 1.5 to 1.7 Â 10 À3 (1/700 to 1/600) concentration increase, S 0 jumps to 0.60. A further increase in the concentration of wt20 does not increase the S 0 of DPPTC significantly. The curve of S 0 of DPPTC at 37 C shows exactly the same pattern as that at 25 C (Fig. 2) . By contrast, as DG1 is added at either temperature, the S 0 of DPPTC in DMPC remains constant within experimental error over the whole range of concentration of DG1 studied. At pH 7, the S 0 of DPPTC in DMPC increases with the concentration of wt20 at 25 C and 37 C, in a similar manner to that at pH 5, but there is a smaller jump in S 0 of 0.2 at a wt20 concentration of 1.5 Â 10 À3 , showing that the increase in ordering of DPPTC in DMPC upon binding of wt20 is pH-dependent. Again, at pH 7 as DG1 is added, the S 0 of DPPTC in DMPC remains unchanged at both temperatures.
The S 0 of DPPTC in POPC versus wt20 (solid lines) and DG1 (dashed lines) concentrations for both values of pH is plotted in Fig. 3 for 25 C and 37 C. The results are quite similar to those in Fig. 2 , but with some differences. Again, a sharp increase occurs in S 0 at pH 5, but of a smaller magnitude (0.2 to 0.3), and it occurs at a slightly higher concentration of wt20, of 2.0 Â 10 À3 . At pH 7, the binding of wt20 to the POPC bilayer has no significant effect on the S 0 of DPPTC. In all cases, the results with DG1 remain constant as the DG1/POPC ratio is varied. These comparisons suggest that the pH-dependent headgroup ordering effect of wt20 may be common for all PC bilayers, but its magnitude may depend on the structure of individual PCs.
Before these studies of the interactions of the fusion peptide with bilayers, we carefully characterized the dynamic structure of DMPC bilayers as viewed by ESR spectroscopy, (results not shown). The NLLS spectral simulations show that as the temperature decreases from above to below 23.3 C, changes in the R t , R k , and S 0 of the spin labels DPP-Tempo, 5PC, and 14PC are typical of passing through the main phase transition. The changes in dynamic order parameters of DPP-Tempo from above to below 23.3 C show characteristics similar to those we previously observed for the main phase transition of DOPC bilayers (33) . These results indicate that DMPC bilayers undergo their main phase transition near 23.3 C. This is a little lower than the main phase transition temperature of pure DMPC (23.9 C), which we attribute to the presence of the spin label in DMPC bilayers. Our ESR observations also confirm that at 25 C, the phase transition exerts no significant effects on the ordering of DMPC bilayers. Furthermore, the ordering effect of wt20 on the headgroups in DMPC and POPC bilayers is very similar at 25 C and 37 C, as we have already indicated.
To supplement the results obtained from the spin-label DPPTC, we studied the binding of wt20 and DG1 to DMPC bilayers, using another spin-label DPP-Tempo with a headgroup structure different from that of DPPTC ( Fig. 1) . We compared binding at pH 5 and pH 7, using a single temperature, given that the ordering effect of wt20 for the headgroup was found to be nearly temperature-independent, according to our study with DPPTC. The binding results measured from DPP-Tempo are given in Fig. 4 . It is evident that at a molar ratio wt20/DMPC of 1.5 Â 10 À3 , there is a sharp increase in the S 0 of DPP-Tempo of 0.5 at pH 5, and a much smaller increase of 0.1 at pH 7. However, S 0 is constant when DG1 is used. These features are virtually the same as those shown in C is 0.54, which is much larger than that of DPP-Tempo in DMPC at 25 C, i.e., 0.32. We suggest the following explanation for the difference: the phosphoryl-Tempo-choline group in DPPTC is zwitterionic, but the phosphoryl-Tempo group (without choline) in DPPTempo is not ionic. Thus, the dipolar interaction between the phosphoryl-Tempo-choline group in DPPTC and the surrounding headgroups in DMPC is stronger than the interaction between the phosphoryl-Tempo group in DPP-Tempo and the surrounding headgroups in DMPC, implying greater orienting forces seen by the phosphoryl-Tempo-choline group in DPPTC. The significance of orienting forces will be discussed further.
Thus, we confirm that: 1), binding of wt20 significantly increases the order in the headgroup region of DMPC bilayers; 2), this headgroup-ordering effect is stronger at pH 5 than at pH 7; and 3), the nonfusogenic mutant DG1 has no such effect.
We also studied the effect of the binding of wt20 and DG1 on the ordering of the acyl chains in DMPC bilayers, using chain spin labels 5PC and 14PC at pH 5 and pH 7. The results obtained using 5PC are plotted in Fig. 5 , which shows a very similar pattern for the curves of S 0 versus the concentration of wt20 seen for the headgroup probes. Thus, the value of S 0 of 5PC in DMPC jumps from~0.38 to 0.41-0.42 at pH 5, but jumps from 0.39 to 0.41 at pH 7, a smaller change in S 0 , as the concentration of wt20 reaches 1.7 Â 10 À3 . Again, the S 0 values of 5PC do not vary with concentration of DG1. The results of binding experiments using 14PC are plotted in Fig. 6 . Evidently, the effect of wt20 on the ordering of 14PC in DMPC is almost negligible, as is the binding of DG1 under both pH conditions. These results show that the increase in ordering is strongest in the headgroup region, but it vanishes near the end of the acyl chain.
The sharp increase in S 0 of DPPTC, DPP-Tempo, and 5PC at a precise concentration of wt20 in DMPC and POPC vesicles indicates that wt20 interacts with the DMPC and POPC bilayers in a cooperative fashion. Han and Tamm (41) reported that the HA2 fusion peptide reversibly self-associated into b-sheets on the bilayer surface of POPC/POPG small unilamellar vesicles when the concentration of fusion peptide exceeded a critical value ranging from 1-5 peptides per 1000 lipids, which was interpreted in terms of cooperative binding of the fusion peptide. We suggest that the ordering effect we observed in the MLVs is associated with the interaction between wt20 and the surface of DMPC MLVs, which is likely similar to the interaction of fusion peptide with the surface of small unilamellar vesicles of POPC/POPG observed by Han and Tamm (41) . Our ESR results with MLVs should then involve a superposition of spectra from spin labels in the outer leaflet that are significantly affected by the insertion of the peptide and spin labels in the interior, which are not. Given the smaller fraction of the former, this could be manifested as a single ''average'' spectrum from which both components are not resolved. For example, consider that the observed S 0 of the spectrum of DPPTC in DMPC with a DMPC/wt20 of 600 is 0.60. However, this spectrum can be well-constructed by the superimposition of two spectra, with S 0 values of 0.69 and 0.54, with relative populations of 10% and 90%, respectively.
The best-fit values of R t , R k , and S 0 obtained from NLLS analyses for DPP-Tempo, 5PC, and 14PC in DMPC, and for DPPTC in DMPC and POPC, versus concentrations of wt20 and DG1 at pH 5 and pH 7 are listed in Tables S1-S28 in the Supporting Material. These data show that the binding of wt20 and DG1 to DMPC and POPC bilayers does not affect the rotational diffusion rates of the headgroups or acyl chains significantly. Because S 2 values are much smaller (and hence much less accurate) than their corresponding S 0 values for all spin labels and show no distinctive patterns, they are not given in Tables S1-S28 in the Supporting Material.
The lipid composition in bilayers is known to affect membrane fusion. For example, the incorporation of lyso-PC into the outer leaflet of bilayers inhibits membrane fusion (42) (43) (44) (45) , whereas the incorporation of AA into the outer leaflet of bilayers promotes membrane fusion (44) . To explore whether these effects are related to changes in headgroup ordering, we measured the variation of S 0 of DPPTempo in DMPC after 1-palmitoyl-2-hydroxyl-PC and AA were added to DMPC bilayers. Indeed, as shown in Fig. S1 , at pH 7 and at 25 C, the S 0 of DPP-Tempo decreased from 0.31 for pure DMPC to 0.25 after 10 mol % of 1-palmitoyl-2-hydroxyl-PC were added to DMPC bilayers. Also, as shown in Fig. S2 , at pH 7 and at 25 C, the S 0 of DPP-Tempo increased steadily from 0.32 to 0.34, as 10 mol % of AA were added to DMPC bilayers. These results suggest that increasing (or decreasing) the headgroup ordering by altering bilayer lipid composition may be associated with changes in the bilayer structure that may affect membrane fusion.
The best-fit parameters from NLLS analyses of R t , R k , and S 0 for DPP-Tempo, varying with concentrations of lyso-PC and AA, are listed in Table S29 and Table S30 , respectively.
DISCUSSION
We found that binding of the wild-type HA2 fusion peptide wt20 to DMPC and POPC bilayers mainly increases the ordering of headgroups. These increases are stronger at pH 5 than at pH 7. However, binding of the fusion-inactive mutant DG1 does not increase the order of PC bilayers at either pH. These results are consistent with observations that the more fusogenic HA2 fusion peptides increase membrane-ordering more strongly than do the less fusogenic mutants (28, 29) . Moreover, these results can be correlated with those of a micropipette aspiration study, i.e., that swelling and lysis of SOPC vesicles were induced upon wt20 binding, and more strongly at pH 5 than at pH 7, whereas no swelling was evident upon DG1 binding (4).
Our results may appear inconsistent with those of the molecular-dynamic simulations (20-22) described in the Introduction. This can be readily explained. We found that an increase in membrane ordering is a cooperative effect of wt20 on bilayer structure, requiring a well-defined concentration of wt20. Molecular-dynamics simulations explore how a single fusion peptide interacts with the bilayers. Thus, only the local perturbation of the bilayer by the fusion peptide was observed, and not the cooperative effect of fusion peptide binding. In addition, we found that the membranefusion inhibitor 1-palmitoyl-2-hydroxyl-PC decreased, whereas the membrane-fusion promoter AA increased, the headgroup ordering of DMPC bilayers. These correlations suggest that increases in headgroup ordering may cause changes in bilayer structure that are important for membrane fusion. The order parameter S 0 represents the axial ordering of lipid molecules in bilayers, which originates from the lateral restoring (aligning) torques L(q) exerted on each lipid molecule from its neighboring lipid molecules. Here, q is the angle between the primary axis for a chain segment or a headgroup and the normal to the bilayer, with q ¼ 0 as the preferential orientation of lipid molecules. These restoring torques are associated with an orienting potential U(q) in the bilayer, which is related to L(q) by dU(q)/dq ¼ ÀL(q), and is minimized when q equals zero. In NLLS analyses, S 0 was calculated according to the best-fit value of U(q). Thus S 0 is a measure of lateral cohesive forces between lipid molecules in the lipid bilayer, and it indicates how strongly a chain segment or headgroup is aligned along the normal to the lipid bilayer. An increase in S 0 in the acyl-chain region or headgroup region indicates that the lateral packing density in that region is increased, or that the local region becomes more condensed and more solid-like. Molecular interactions between lipid molecules are dominated by van der Waals forces in the acyl-chain region, but are primarily ionic (generated by hydrogen bonding) in the headgroup region. Because the strengths of hydrogen bonds, ranging from 10-40 kJ mol À1 , are much stronger than those of a typical van der Waals ''bond'' (~1 kJ mol À1 ) (46) , changes in the S 0 of headgroups would affect the bilayer structure more significantly than changes in the S 0 of acyl chains, as we shall discuss.
The restoring torque is related to, but different from, the lateral pressure that is frequently cited (47) (48) (49) . For example, the restoring torque is a microscopic molecular quantity, whereas the lateral pressure is a macroscopic membrane force that is similar to the stress in bilayers.
Condensation of the outer leaflet induces bending moment in the bilayer
The ordering effect of wt20 can alter the bilayer structure in a vesicle. Because the ratio of the radius of the vesicle to the thickness of the bilayer in a LUV or a giant unilamellar vesicle is large, the mechanical equilibrium in a vesicle can be approximately described in terms of stresses and pressures exerted on the outer and inner surfaces of vesicles (50) . However, if relative deformations of two leaflets occur, even if they are small, large bending stresses could be generated in the bilayer because of coupling between the two leaflets (51). This is likely the case for the binding of wt20 to a vesicle, as described below.
When wt20 is added to a unilamellar vesicle solution at pH 5, it binds to the outer leaflet of the vesicle bilayers, and increases the S 0 of the headgroup and of the acyl chain near the headgroup in the outer leaflet of the bilayers. The outer layer becomes more condensed and more solid-like, which tends to shrink its area. Because two monolayers in a closed vesicle cannot slide relative to each other, they are effectively mechanically coupled (51) . This means that the tendency toward shrinkage in the condensed outer layer will generate a compressive force exerted on the inner layer, tending to reduce the area of the inner layer. But this is resisted by the inner layer, which remains softer. Thus, the inner layer would exert a counterstretching force on the outer layer. It follows that the condensed outer layer experiences a stretching stress, whereas the soft inner layer is under a compressive stress. Thus a nonuniform distribution of stress across the bilayer is created. Therefore, a bending moment in the bilayer would be generated (51) , which tends to bend the vesicle bilayer toward the outer surface of the vesicle.
The bending moment in a bilayer is given by R t Àt TðzÞzdz, where T(z) is a profile of the stress across the bilayer, z is the distance of the tangent plane of the lateral stress from the middle surface of the bilayer, and 2t is the thickness of the bilayer. Let us consider this integral for the wt20-induced bending moment: 1), Bending rigidity increases significantly when a bilayer is condensed, and it is harder to stretch a condensed bilayer than to stretch a bilayer in the fluid state. 2), Ionic interactions in the headgroup region are much stronger than the van der Waals interactions in the acyl-chain region. 3), The increase in S 0 for the headgroups is larger than that for the acyl chains upon binding of wt20 (see Results). 4), Values of z in the integral corresponding to the headgroup region are larger than those corresponding to the acyl-chain region. In sum, terms from the stretching forces in the headgroup region make a larger contribution to the integral than those from the acyl-chain region. Thus the bending moment in a vesicle bilayer is largely generated by the increased ordering of headgroups in the outer leaflet.
An increase in the ordering of headgroups is known to be correlated with the dehydration of headgroups (33, 52, 53) . The importance of membrane-surface dehydration for membrane fusion has long been appreciated (28, 54, 55) . Membrane dehydration involves changes in the chemical bonding structure in the headgroup region that strengthen the hydrogen bonds in the headgroup region (56) . Thus, the wt20-induced bending moment belongs to a type of ''chemically induced moment'' in bilayers, a term introduced by Evans (57) for bending moments in bilayers that are produced by changes in the chemical environment of bilayer surroundings (51).
How do wt20-induced bilayer bending moments affect membrane fusion?
Bending stresses induced by wt20 binding tend to bend the bilayer toward the outer surface of the vesicle, i.e., to increase the negative curvature of the vesicle bilayer. How does this bilayer curvature change affect membrane fusion? A suggested membrane-fusion pathway (58) can be briefly described as follows. After contact between two apposing bilayers, an intermediate membrane structure, called a stalk,
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is formed by the merging of contacting leaflets of the two bilayers. The stalk will evolve, possibly through hemifusion, into an initial fusion pore, which may flicker (close and open repeatedly). The fusion pore will be enlarged by stresses in the bilayers as a result of vesicle swelling. This stalkfusion-pore hypothesis lies at the heart of the widely accepted model of membrane fusion, but its mechanism remains largely unknown. Based on observations that both the fusion peptide and transmembrane domain in HA dehydrate bilayers, Han et al. (28) suggested that dehydration on the surfaces of the cell plasma membrane and viral membrane might be a prerequisite for viral fusion. Because membrane-surface dehydration promotes negative curvature of the membrane, we propose that bending moments generated in both cell and viral membranes would promote stalk formation in the early stage of fusion. Our suggestion is supported by a recent mutation study of the fusion activity of paramyxovirus parainfluenza virus 5 (PIV5): two residues in the transmembrane domain of the F protein from PIV5 were identified as crucial for the merging of cell and viral membranes. This function was ascribed to the role of the two residues in facilitating the negative curvature of the viral membrane (59) .
The negative-curvature-promoting bending moments also play a role in the late stage of fusion. Fused vesicles and cells were reported to grow from a dumbbell shape to a spherical shape (60, 61) . Because the ratio of volume/surface area for a spherical vesicle increases with the size of the vesicle, this shape change is accompanied by an increase in the enclosed aqueous volume in the fused vesicle, i.e., by swelling. Thus, after enlargement of the fusion pore, vesicle-swelling continues through the completion of fusion. We propose that the shape change, as dominated by the expansion (i.e., an increase in negative curvature) of the two balls in the dumbbell, is aided by the bending moments.
Electrostatic free energy is released because of enhanced dipolar interactions
Because the ordering of headgroups and the ordering of bilayer surface water are correlated (33, 62) , the binding of wt20 also increases the ordering of water on the outer surface of vesicles. When the headgroup region becomes more ordered, dipolar interactions in the headgroup region are enhanced and the electrostatic energy is lowered, i.e., becomes more negative in its value. We suggest that the lowered electrostatic energy may make a significant contribution to the overall reduction in free energy upon fusion peptide binding to the bilayer.
The increased ordering of both headgroups and water molecules indicates that the headgroup region is more strongly polarized along the direction normal to the bilayer. This would result in an increase in membrane-surface dipole potential, which mainly originates from ordered membranesurface water molecules (63) . Indeed, the activity of simian immunodeficiency virus-mediated membrane fusion was reported to be correlated with the measured dipole potential of the membrane (64).
Lipid transverse asymmetry induces an asymmetric change in bilayer ordering
Here we consider the effects on membrane fusion of the asymmetric incorporation of lyso-PC and AA into a bilayer. We showed that 1-palmitoyl-2-hydroxyl PC reduces headgroup ordering in DMPC bilayers. This is consistent with a report that the apparent area-expansion modulus of egg-PC bilayers was reduced after the incorporation of lyso-PC, indicating that lyso-PC softens egg-PC bilayers (65) . Softening of the headgroup region in the outer leaflet of the vesicle bilayer, while the inner leaflet remains unchanged, would generate bending moments with an opposite sign to those after the binding of wt20. Thus the incorporation of lyso-PC into the outer leaflet of a vesicle bilayer would increase the positive curvature of the bilayer, posing an obstacle for stalk formation and vesicle swelling, and inhibiting membrane fusion. Because AA increases the ordering of DMPC headgroups, the incorporation of AA into the outer leaflet of cell membranes has the same effect as the binding of wt20 on the bilayer structure, such that AA is a promoter of membrane fusion.
When lyso-PC was added to the inner leaflet of the bilayer, influenza HA-mediated cell fusion (66) and poly(ethylene glycerol) (PEG)-induced fusion of DPPC LUV (67) were reportedly promoted. Assuming that lyso-PC is incorporated into the inner leaflet of the cell membrane, it will reduce the ordering of the headgroups in the inner leaflet of the cell membrane. This change will create consequences similar to what we described in the case of the binding of wt20 to vesicles: compressive forces in the inner leaflet of the cell membrane and stretching forces in the outer leaflet of the cell membrane will be generated. This would also result in bending moments that tend to increase the negative curvature of the cell membrane. This may explain why the addition of lyso-PC in the inner leaflet of the cell membrane promotes HA-mediated cell fusion.
The regulatory role of the membrane fusion of lyso-PC was initially attributed to its inverted-cone molecular shape, which would affect lipid packing in the two leaflets differently, and affecting the curvature of the bilayer in opposite ways if lyso-PC were added to the inner versus outer leaflet of the bilayer (66) . However, after analyzing the effect of the asymmetric transverse distribution of lyso-PC (67) and the effect of altering the molecular shape of cardiolipin on PEG-mediated vesicle fusion, Lee and Lentz (68) concluded that outer-leaflet packing disruption is necessary to induce fusion, and molecular shape plays no role in PEG-mediated vesicle fusion. Moreover, in the calcium phosphate-induced fusion of human erythrocytes, the Ca 2þ threshold of fusion was reported to be significantly lowered after Biophysical Journal 96(12) 4925-4934 phosphatidyleserine was exposed on the surface of the plasma membranes, or after incorporation of spin-labeled PS into the outer leaflet of the cell (69) . This result cannot be interpreted in terms of the cylindrical shape of the PS molecule, but can be understood in terms of the increased negative curvature of the bilayer induced by the outer leaflet hardening because of the dehydrating effect of Ca 2þ on PS headgroups (70) , when PS is exposed to the outer surface of the bilayer. Molecular shape appears unlikely to be a major factor in affecting membrane-fusion activity.
The cooperative aspect of the bilayer surface-ordering effect of wt20 that we observed is likely related to the surface self-association of wt20 (41) . This is consistent with observations to the effect that the oligomerization of HA fusion peptide enhances peptide-induced lipid mixing and vesicle leakage (71) , and that the clustering of dengue-virus fusion peptide on the bilayer surface leads to deeper insertion of the peptide into the bilayer (72) . The self-aggregation of HA fusion peptide on the bilayer surface may indicate that cooperative interactions of HA with the cell membrane are required for HA-mediated membrane fusion (73) .
Bending stresses induced by the ''half-hardening'' of the bilayer provide a mechanism for curving the bilayers, in addition to the proposed protein scaffolding mechanism (74) (75) (76) and the lipid-packing perturbation mechanism (i.e., the insertion of protein into the outer leaflet, behaving like a wedge, and perturbing the lipid packing) (74, 77) . Specialized proteins and protein/protein interactions are required for various membrane structural transformations, such as membrane fusion and fission. Do lipids have only ''a permissive role in membrane curvature'' (77)? Our results indicate that changes induced in the membrane structure because of alterations in lipid composition and lipid/protein interactions have a significant effect on membrane curvature, suggesting that bilayer structural changes may play an active role in biological membrane remodeling.
CONCLUSIONS
The major effect that we found of wt20 binding to DMPC and POPC bilayers was to increase the order of headgroups at a critical concentration of wt20. This effect was stronger at pH 5 than at pH 7. However, the binding of DG1 to DMPC and POPC bilayers had no such effect on the ordering of bilayers. We suggest that coupling between the condensed outer leaflet and softer inner leaflet upon wt20 binding generates bending stresses in the vesicle bilayer, increasing the negative curvature of the vesicle bilayer. This change in bilayer curvature may promote stalk formation and assist vesicleswelling during the late stage of fusion.
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